Abstract: Self-assembled photonic crystals have proven to be a fascinating class of photonic materials for non-absorbing structural colorizations over large areas and in diverse relevant applications, including tools for on-chip spectrometers and biosensors, platforms for reflective displays, and templates for energy devices. The most prevalent building blocks for the selfassembly of photonic crystals are spherical colloids and block copolymers (BCPs) due to the generic appeal of these materials, which can be crafted into large-area 3D lattices. However, due to the intrinsic limitations of these structures, these two building blocks are difficult to assemble into a direct rod-connected diamond lattice, which is considered to be a champion photonic crystal. Here, we present a DNA origami-route for a direct rod-connected diamond photonic crystal exhibiting a complete photonic bandgap (PBG) in the visible regime. Using a combination of electromagnetic, phononic, and mechanical numerical analyses, we identify (i) the structural constraints of the 50 megadalton-scale giant DNA origami building blocks that could self-assemble into a direct rod-connected diamond lattice with high accuracy, and (ii) the elastic moduli that are essentials for maintaining lattice integrity in a buffer solution. A solution molding process could enable the transformation of the as-assembled DNA origami lattice into a porous silicon-or germanium-coated composite crystal with enhanced refractive index contrast, in that a champion relative bandwidth for the photonic bandgap (i.e., 0.29) could become possible even for a relatively low volume fraction (i.e., 16 vol%).
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Main manuscript: Since the pioneering works of E. Yablonovitch 1 and S. John in 1987 2 , photonic crystals have transformed various fields including lasers, optomechanics, optoelectronics, and structural colorizations. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] According to on-demand applications, different manufacturing methods can be suitably chosen for their materializations. For example, serial-type monolithic lithography such as electron-beam or focused ion-beam lithography can be readily implemented for the fabrication of ultra-small lasers and optomechanical cavities because these applications depend on discrete structural units at the nanoscale. [3] [4] [5] [6] [7] [8] By contrast, structural colorization requiring large-area pixelation of visible photonic crystals is difficult to achieve with such serial-type fabrications. [9] [10] [11] [12] [13] [14] [15] Instead, soft self-assembly has provided a viable route toward addressing scalability issues, due to this method being highly amenable for cost-effective solution processes. [9] [10] [11] [12] [13] [14] However, thus far, the building blocks for self-assembled visible photonic crystals have been mainly limited to colloidal spheres and block copolymers (BCPs), which in turn restricts the accessible 3D lattices to mainly face-centered cubic (FCC) for colloidal spheres and double gyroids (DG) for BCP. Unfortunately, neither FCC nor DG lattices are able to exhibit a complete PBG, which is essential for monotonic structural color independent of the viewing angle. [10] [11] [12] [13] [14] Approximately 30 years ago, the diamond lattice was discovered as a champion photonic crystal due to enabling a complete and wide PBG with relatively low refractive index contrast between the host medium and lattice (ncont, ~ 0.8) and filling fraction (f lower than 0.5). 16, 17 In particular, a direct rod-connected diamond lattice can exhibit a wide and complete PBG, e.g., a relative bandwidth for photonic bandgap (δ = (Δω/ω)max) of ~ 0.3, with f of 0.19 and ncont of 2.6. 17 A modest lowering of f in photonic crystals is desired in terms of widening the PBG, since intuitively increasing the effective ncont; however, paradoxically, lowering f makes the fabrication of the 3D photonic crystals more challenging due to weakening the mechanical properties. 18 This paradox becomes more pronounced for visible photonic crystals, where the scales of the primitive cell needs to be a few hundred nanometers. Indeed, previous reports exist only for experimental realizations of direct rod-connected diamond lattices that operate from the IR to microwave regimes. 19, 20 Even though the pyrochlore lattice was recently probed as a versatile-to-craft diamond visible photonic crystal by molecularly programmed selfassembly of colloidal spheres, [21] [22] [23] [24] the current theoretically exploited maximum δ is relatively small (e.g., ~ 0.20). [22] [23] [24] These limitations on self-assembly originate from the restricted libraries of building blocks in conjunction with the relevant assembly techniques.
DNA can be molded into nearly any 2D and 3D shapes via molecular folding (i.e., DNA origami). [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Furthermore, it was found that DNA origami can be crystallized into 3D superlattices over large areas. 36, 37 As such, 3D crystallization of DNA origami could form superlattices, which have not been constructed thus far. This recent success in DNA nanotechnology leads us to raise the question: can we obtain a complete visible PBG with a lower ncont and f by using a DNA-based, direct rod-connected diamond lattice? The designs for the DNA origami lattice and postmolding processes outlined in this work posit that δ of 0.17 ~ 0.29 can be achieved even with a relatively low f of 0.16 ~ 0.21 and ncont of 2.0 ~ 3.0, demonstrating the technological viability of the DNA origami-route for diamond photonic crystals exhibiting a complete PBG in the visible regime.
Our aim in this work is to theoretically exploit the possibility of assembling of DNA origami into a direct rod-connected diamond photonic crystal that can exhibit a complete PBG in the visible regime. Toward this end, our work is organized as follows. First, we compare the accessible ranges of the PBG from two different diamond lattices that could be constructed by DNA origami self-assembly: (i) direct rod-connected ( 3 $ , No. 227) and (ii) tetrahedral cage-connected lattices ( 4 $ 3 , No. 216). Then, we design the 50 megadalton (MDa)-scale DNA origami building blocks that can be assembled into the target diamond lattice with a complete PBG in the visible regime. In particular, these DNA origami building blocks were designed to have sufficiently high mechanical stability at the junction point, which is foundational for high accuracy-assembly. Additionally, using the concept of elastic moduli, we quantify the mechanical stability of the assembled diamond lattice constructed by DNA origami because the structural integrity of the diamond lattice needs to be maintained during the postmolding process (i.e., decorating the DNA origami frame with a high refractive index material). Finally, we evolve the PBG of the DNA origami diamond lattice with respect to the postmolding process and confirm that the designed diamond lattice indeed exhibits a complete PBG in the visible regime.
In 2016, O. Gang et al. first reported that DNA origami can be crystallized into a diamond lattice. 36 More specifically, the base-complementary binding between the tetrahedral DNA origami cage enables the crystallization of a diamond lattice of space group 4 $ 3 , No. 216 (hereafter referred to as a tetrahedral cage-connected diamond lattice), as shown in Figure 1a . Notably, this DNA diamond lattice (the n of the DNA can be set at 1.8 38 ) can open a complete PBG in air even with a relatively low ncont of ~ 0.8 (see Figure S1 , Supporting Information). In general, the diamond lattice requires a much lower ncont to open a complete PBG compared to other lattices. 16, 17 However, as previously reported, a 3D lattice fully constructed by DNA origami is prone to structural deformations after the drying of the buffer solution. 39 Molding the lattice with a 20 vol% higher refractive index and a stronger semiconductor (e.g., gallium arsenide (GaAs) with n of 3.6) can yield a mechanically stable 3D diamond lattice in air (ncont of ~ 2.6) and open a wider complete PBG, as presented in Figure 1b . Nevertheless, the relative bandwidth of the complete PBG (δ ~ 0.20) is not comparable to that of the direct rod-connected counterpart containing the same vol% of GaAs (δ ~ 0.30) (see Figures 1c-d) . Herein, a direct rod-connected diamond lattice can be assembled from tetrapod-shaped building blocks. Furthermore, the tetrahedral cage-connected diamond lattices previously reported had too small of a lattice constant (a of ~ 51 nm) 36 and were unable to open a PBG in the visible regime. Therefore, we turned our attention to identifying what (other) DNA origami motifs need to be designed to obtain direct rod-connected diamond crystals with a of a few hundred nanometers and how to obtain a complete visible PBG by a postmolding process.
In 2018, T. Liedl et al. reported that DNA origami composed of the interconnected three 14-HB (helix bundles, indicating the number of DNA duplex in DNA origami bundles), hereafter referred to as three-axis tensegrity, can crystallize into a rod-type rhombohedral lattice by blunt-end stacking. 37 Even though this rod-type rhombohedral lattice is unable to open a complete PBG (see Figure S2 , Supporting Information), such success in the large-area crystallization of 3D DNA origami inspired us to design a direct rod-connected diamond lattice that could be assembled with base-complementary binding or blunt-end stacking between a rationally designed tetrapod of 3D DNA origami (Figure 2 ). Herein, a tetrapod of DNA origami consists of four equivalent arms with symmetric geometry; as shown in Figure 2a , the width and length of each arm are denoted d and l, respectively. To push the PBG wavelength to the visible regime, the corresponding a of the direct rod-connected diamond lattice should be at least 330 nm even under ncont of 2, as systematically exploited in Figure S3 , Supporting Information. Since the l of the tetrapod is geometrically set by (√3 8 ⁄ ) × a, the four arms of the tetrapod must be at least ~ 70 nm in l for DNA origami building blocks.
Given the distance between the neighboring bases (i.e., 0.33 ~ 0.34 nm), 40 the full folding of the longest scaffold DNA (i.e., p8634) allows us to obtain duplex DNA with 2849 ~ 2935 nm in total length (~ 8 MDa). Thus, each arm of the tetrapod can have up to 10-HB by full folding of single scaffold DNA, as shown in Figure 2b (i.e., 2935 nm/4 arms/70 nm = ~ 10.48). Considering the honeycomb lattice widely used in 3D DNA origami, the cross-sectional d can be ranged, for example, from 6 ~ 7 nm (for 6-HB) to 8 ~ 9 nm (for 10-HB). Thus, the corresponding aspect ratio (AR) of each tetrapod arm is greater than 7, which is much higher than those of DNA origami tetrahedron cages (cross-section of 10-HB and frame length of 40 nm; corresponding AR of ~ 4) and three-axis tensegrity (cross-section of 14-HB and frame length of 67 nm; corresponding AR of ~ 5), both of which were previously found to assemble well into diamond and rhombohedral lattices, respectively. 36, 37 Recently, it was found that the rigidity of DNA origami building blocks is the key to success in hierarchical assembly into superstructures or 3D crystals. 41 Although the structural rigidity can vary not only due to the AR but also due to the overall geometry, a relatively high AR can make DNA origami too floppy in solution, implying that the assembly could be error-prone. The numerically simulated maximum root mean square fluctuations (RMSF) of the DNA origami tetrapods with crosssections of 6-and 10-HB and l of 70 nm, which were supported by CanDo 42, 43 , were found to increase to 118 Å ~ 140 Å at the ends of the arms, where base-complementary binding or bluntend stacking should occur. The corresponding caDNAno designs 44 that were used for the CanDo simulations 42, 43 are included in Figure S4 , Supporting Information. These relatively high RMSF at the binding points should reduce the assembly accuracy, which in turn restricts the large-area 3D crystallization. 37, 41 To impart more mechanical rigidity to the DNA origami tetrapods, the number of HB in each arm should be further increased (i.e., AR should be reduced). Under the length constrains of each arm of the tetrapod building blocks (i.e., 70 nm), the AR cannot be reduced from 7 by the full folding of a single scaffold DNA, as mentioned above. To overcome the problem of the limited scaling up from a single scaffold, we conceived the hierarchical assembly of the DNA origami unit into a thicker-armed tetrapod, as presented in Figure 2c . The tetrapod can be divided into six equivalent subsets of 109.5º-angled wings with wing lengths of 70 nm, which are denoted A/A'/B/B'/C/C' in Figure 2c . Three 109.5º-angled wings were designed to be assembled into half of a tetrapod (i.e., assemblies of A-B-C and A'-B'-C'); then, two halves of a tetrapod can be paired with each other, for example, by blunt-end shape-complementary binding. 31 Thereby, each arm of the tetrapod was designed to consist of three wings.
The In addition, we can use the folding of two scaffolds to further increase the number of HB in each arm of the tetrapod. As with the previous reports, 41 we can use coassembly of p8064 and p7560 into a single DNA origami motif. In this case, 70 nm-long wings with much thicker cross-section (up to 37-HB) can be obtained. As a representative example, we designed 32-HB wings to be hierarchically assembled into tetrapods with cross-sections of 84-HB (d of ~ 25 nm and AR of 2.8) and l of 70 nm (Figures 3a-c) . Herein, a total of 12-HB was designed to overlap between each wing, consequently providing the shape-complementary binding positions. The corresponding caDNAno designs are included in Figures S5-S7 , Supporting Information. These thicker wings showed much smaller RMSF (up to 11 Å, as shown in Figure  3a) , compared with those of 6-and 10-HB arm of tetrapods. The tetrapods self-assembled from six 32-HB wings (Figure 3b) can have cross-sections of 84-HB (Figure 3c) , and the resultant RMSF at the binding points (ends of the tetrapod) was further reduced to 7 ~ 10 Å (Figure 3d ). As such, the 3D crystallization of these giant tetrapods (50 MDa) into a direct rod-connected diamond lattice could be achieved with high accuracy (Figure 3e) . We designed the ends of the assembled tetrapods to be nonflat for shape-complementary binding (i.e., programmable blunt-end stacking) to prevent defect came from mismatched blunt-end sites. 28, 41 From an experimental perspective, the generalization of such DNA origami hierarchical assembly is still being elucidated. Thus far, the experimental verification of this method has been reported under very limited structural motifs such as small sized tetrahedron cages, threeaxis tensegrities, and V-shaped multilayer objects. 36, 37, 41 Advances in the thermodynamic analysis of DNA origami hierarchical assembly, possibly supported by molecular dynamics (MD) simulations, need to be followed; however, in contrast to other colloidal sciences, [45] [46] [47] the efforts toward this theoretical understanding have not yet been validated in the field of DNA origami. In line with this, thermodynamic analysis, which could guide the optimal interaction conditions for high-yield hierarchical assembly of DNA origami, will be reported separately, being beyond the scope of this study.
The DNA origami diamond lattice, assembled within a buffer solution, needs to maintain structural integrity during the solution-based postmolding process. As already noted in Figure  S1 , the DNA origami diamond lattice in air (ncont of 0.8) can open a complete PBG, but maintaining the lattice integrity of the 3D DNA origami crystals in air is not possible. 39 Even though 3D DNA origami crystals can be highly stabile in a buffer solution, a complete PBG cannot be opened in this case due to the relatively low ncont (~ 0.45). This problem can be addressed by a conformal coating of silica onto the DNA origami lattice in a buffer solution 39, 48 and subsequent molding of the lattice with high refractive index materials, as is detailed in the next section.
The lattice rigidity of the DNA origami diamond crystals in a buffer solution was quantified with the concept of effective elastic moduli, such as shear (Geff) and P-wave (Meff) moduli. 49, 50 Toward this end, we numerically simulated the phononic band structures of direct rodconnected DNA origami diamond lattices with same a (i.e., 330 nm) but different HB (i.e., 6, 24, and 84), as shown in Figures 4a-c (see details in Supporting Information) . Then, we compared these phononic band structures with that of a three-axis tensegrity lattice (Figure  4d) . 37 In a previous report, the 3D crystal assembled from three-axis tensegrity DNA origami was found to maintain lattice integrity in a buffer solution well, 37 serving as a good indicator for whether our DNA origami diamond lattice in a buffer solution could be maintained well or not.
In the phononic band structure of a 3D periodic array, generally, three bands spread from the Γ point. The two bands at the lowest frequencies and one band at a frequency higher than the lowest correspond to transverse and longitudinal waves, respectively (see Figure 4) . The effective two transverse and one longitudinal wave velocities along the Γ-L and Γ-X (denoted vt,1, vt,2, and vl) were calculated by = ⁄ around the Γ point. Once the input wavevector k was mapped in all directions in 3D space, the corresponding effective wave velocities were obtained in the same fashion. From the two effective transverse wave velocities obtained, the effective shear moduli were calculated by the relationships 344,6 = 9,6 : and 344,: = 9,:
: , where φ is the volume fraction of the DNA origami. Similarly, the effective P-wave modulus was calculated from the relationship 344 = < : . Finally, we profiled 344 and 344 with respect to the input wavevector k in all directions.
The collective sets of 344 and 344 , obtained from our DNA origami diamond lattices and three-axis tensegrity lattice, are summarized in Figures 5a-c. The minimum 6,344 (Min ( 6,344 )) of the direct rod-connected diamond lattices with 6-and 24-HB was found to be higher than that of the three-axis tensegrity lattice (Figure 5a) . By contrast, Min ( :,344 ) and Min ( 344 ) of the 6-and 24-HB diamond lattices were smaller than those of the three-axis tensegrity lattice (Figures 5b-c) . Therefore, the 6-and 24-HB diamond lattices should be mechanically weaker than the three-axis tensegrity lattice, particularly along the directions of :,344 and 344 .
One the one hand, the direct rod-connected diamond lattice with 84-HB exhibited higher Min ( 6,344 ), Min ( :,344 ), and Min ( 344 ) than the three-axis tensegrity lattice (Figures 5a-c) . Furthermore, the spatial distributions of 6,344 , :,344 , and 344 of this diamond lattice were more isotropic than those of the three-axis tensegrity lattice, as clearly shown in Figure 5d . In a 3D lattice with anisotropic spatial distribution of effective elastic moduli, stress can be locally concentrated in the direction of a relatively low effective elastic moduli. Overall, we can conclude that the direct rod-connected diamond lattice with 84-HB exhibits sufficient stiffness and mechanical properties to maintain high lattice fidelity in a buffer solution.
Finally, we profiled a PBG of the direct rod-connected diamond lattice, assembled from 84-HB tetrapods. Figure 6 shows the corresponding photonic band diagram with respect to the postmolding procedures. In a buffer solution, the PBG of the as-assembled DNA origami lattice (n of 1.8; see system 1 in Figure 6a ) can be partially opened only from Γ to L, as shown in Figure 6b , but this is not so visible owing to a low ncont (0.47, as the n of a buffer can be simplified as 1.33). Although changing the host medium from a buffer solution to air by drying can widen a PBG via an increase in ncont, the 3D DNA origami crystals were found to be easily deformed in air, as mentioned above. 39 Therefore, we needed to conceive a scheme for the postmolding process that can open a complete PBG by increasing ncont while simultaneously imparting enough mechanical rigidity to the DNA lattice in both air and buffer solution.
Atomic layer deposition (ALD) or chemical vapor deposition (CVD) process, generally used for converting polymeric photonic crystal templates into high n counterparts, 20, [51] [52] [53] are accompanied by vacuum conditions, which can readily deform 3D DNA origami crystals. Thereby, a solution-based process, by which the structural integrity of soft 3D DNA origami crystals can be maintained, needs to be implemented into the postmolding with a rigid material. Thanks to recent advances in the solution-based conformal coating of silica onto the surface of DNA origami (i.e., silicification in Figure 6a) , 39, 48 this requirement can be effectively fulfilled. The stepwise reduction reactions consisting of prehydrolysing and cluster-induced silicification were found to conformably coat silica along the topology of the DNA origami. 39, 48 Furthermore, the thickness of this silica, which in turn defines f, can be deterministically adjusted according to the reaction time. 39, 48 As such, the DNA origami frame is strengthened via silicification in the buffer solution. Figure 6c presents the photonic band diagram of the direct rod-connected diamond lattice composed of a DNA origami core and silica shell (i.e., system 2). Herein, the silica shell is assumed to be 30 nm thick (i.e., 21 vol%); we exploited this configuration only in an air host medium, as the lattice integrity of silica-strengthened DNA origami crystal can be maintained even in air. The PBG was not opened completely because the n of silica (~ 1.45) and the resultant ncont (~ 0.45) are insufficient.
Recently, it turned out that magnesium or aluminum reduction at high temperature (i.e., 700 °C) can chemically transform low n silica to high n silicon (Si). 54, 55 This method converts silica into porous rather than solid Si due to the reduction-mediated vaporization of oxygen, so as to limit the achievable n to 3.0, which is lower than the n of pure Si (4.0). 56 Additionally, the area initially corresponding to the DNA origami frame should be converted into an air void (d of ~ 25 nm) during such a high temperature treatment. Given these realistic conditions (i.e., air core/porous Si cladding with ncont of 2.0), we investigated the photonic band diagram according to the f of porous Si (i.e., system 3). As shown in Figures 6d-e , a complete visible PBG at wavelengths of 482~574 nm can be optimally opened with a δ of 0.17. The required vol% for this complete visible PBG was relatively small (21 vol%) . This achievable δ in the visible regime can be further widen to 0.19, when a is increased to 380 nm (see Figure S3 , Supporting Information). A coassembly of p8064 and p7560 can increase a up to 380 nm, once crosssection of a giant tetrapod is fixed to 84-HB. A detailed pipeline for the optimization of PBG and δ is identified in Figure S3 , Supporting Information.
The silica-coated 3D DNA origami (i.e., system 2), which could be stable in air, becomes compatible with vacuum-based processes for higher n material deposition (i.e., pure Si or germanium with n of 4) including ALD and CVD (see Figure 7a) . Therefore, ncont can be further increased to 3.0. Figures 7b-c show the possible PBG of the 84-HB DNA origamibased, direct rod-connected diamond lattice (a of 330 nm), consisting of air core/pure Ge cladding (i.e., system 4). According to the thickness (or vol%) of Ge cladding, δ was found to optimally increase to 0.26 and could be further widen (up to ~ 0.29) according to the lattice constant ( Figure S3 , Supporting Information). As summarized in Figure 8 , our DNA origamiroute for direct rod-connected diamond lattices allows achievement of relatively high δ with relatively low f compared with other self-assembled diamond lattices that have been theoretically suggested thus far (i.e., direct and indirect pyrochlore and diamond lattices). [22] [23] [24] The power of 3D DNA origami photonic crystals lies in that this material can self-assemble into the nearly arbitrarily shaped, nanoscale building blocks. Using the design outlined in this work as a starting point, the 3D crystallization of DNA origami can greatly expand the accessible range of the photonic crystal lattices, which in turn enriches the engineering of PBGs in the visible regime. However, more in-depth follow-up verifications of numerical simulations (e.g., MD) are required to rigorously predict both the hierarchical assembly of DNA origami into a giant structure (i.e., 50 MDa tetrapods) and the 3D crystallization of this giant DNA origami. At the moment, development of appropriate computational methods in this direction remains elusive. Additionally, the aim of DNA origami photonic crystals is not limited to achieving a champion PBG. As the surface of these materials could be deterministically encoded with a variety of functionalities with molecular precision (e.g., quantum dots, fluorophores, and plasmonic nanoparticles), 3D DNA origami photonic crystals can be transformed into a general nanophotonic pegboard advancing the molding of light flow and solar energy harvesting.
Supporting Information
Details about (i) calculation of effective elastic moduli and photonic band structures, (ii) pipeline for optimal bandgap engineering, and (iii) design diagram for simulation units in manuscripts using software caDNAno ver 2.2.0 44 are available in Supporting Information. The maximum dimensions of the tetrapod that can be assembled by using a single scaffold (p8634) are 70 nm in l and 8~9 nm in d (10-HB). Given a honeycomb lattice, which is widely used for 3D DNA origami, 6-or 10-HB can be implemented into each arm of the tetrapod, selfassembled from a single scaffold. In these cases, the root mean square fluctuations (RMSF) of arm end, supported by CanDo simulation 42, 43 can be increased up to 140 Å. (c) The hierarchical assembly route for a giant DNA origami tetrapod (~ 50 MDa). Geometrically, the tetrapod can be divided into six equivalents with the shape of 109.5°-angled wings, highlighted by A/A'/B/B'/C/C'. Herein, the same false colored facets of each wing indicate the positions where sequence-or blunt-end stacking-based shape-complementary binding can occur. (b) Photonic band structure of as-assembled DNA origami lattice that is dispersed in a buffer solution (i.e., aqueous solution with salt ions). (c) Photonic band structure of DNA origami lattice that is conformably coated with 27 nm-thick silica (via silicification). Because the DNA origami lattice can be strengthened enough to maintain lattice integrity after silicification, a host medium of air can be justified. (d, e) Photonic band structure of the DNA origami lattice, coated with porous Si (Si with n of 3.0 and resultant ncont of 2.0). The porous Si could be obtained by low-temperature reduction of silica with assistance from chemicals (e.g., magnesium). 54, 55 The relative bandwidth (δ) of the porous Si cladded DNA origami lattice varied according to Si thickness. A star (*) represents the maximum δ (i.e., 0.17 at a cladding thickness of 27 nm corresponding to f = ~ 0.21). A complete photonic bandgap is highlighted by a light yellow box. All the photonic band structures in Figure 6 were obtained by the finite element method (FEM) (see details in Supporting Information). Comparison between maximum δ of our structures and those of other self-assembled diamond lattices suggested thus far (i.e., both (direct and indirect) pyrochlore and diamond lattices). Asterisks in Figure 8 (*) corresponding to the f are the values abstracted from structural information the literature. [22] [23] [24] 
